One sentence summary: Biofilms on artifical substrata in aquaculture ponds reduce total nitrogen and phosphorus due to increased abundance of denitrifiers and phosphorous-removing bacteria. Editor: Jan-Ulrich Kreft
INTRODUCTION
In recent years, aquaculture, especially in ponds, has become a primary method for the production of various aquatic products, such as fish and algae (Naylor et al. 2000; FAO 2014) . In China alone there are 2 566 900 ha of freshwater aquaculture ponds (Lu et al. 2015) . However, the rapid growth of high-density, highyield pond aquaculture has increased the pollution of aquatic environments (De-Schryver and Verstraete 2009; Zhong et al. 2011) . Approximately 75% of the feed nitrogen (N) and phosphorus (P) are not utilized and remain as waste in the water (Piedrahita 2003; Gutierrez-Wing and Malone 2006) . The presence of high concentrations of N and P is considered unacceptable in receiving water bodies because it leads to eutrophication and various health impacts in humans and animals. Therefore, N and P overload is a key issue that restricts the generalization of high-density, high-yield pond aquaculture.
Biofilms that effectively promote N and P metabolism, maintaining these elements at low concentrations in freshwater ecosystems, have been identified (Flemming and Wingender 2010; Song, Xue and Chen 2012) . A mature biofilm supplies a microbial habitat that contains both aerobic and anaerobic conditions (Song, Xue and Chen 2012) . The habitat provides the necessary environment for biological removal of nitrogen by aerobic nitrification, anaerobic denitrification and anammox. In the aerobic layer, organic molecules are degraded and NH 4 + -N is transformed to NO 2 − -N and NO 3 − -N. In the anaerobic layer, NO 2 − -N and NO 3 − -N are transformed to N 2 (Flemming and Wingender 2010) or NH 4 + -N and NO 2 − -N are directly transformed to N 2 by anammox bacteria (van Niftrik and Jetten 2012) . In recent years, biofilms have been studied intensively and are widely used in the treatment of wastewater from aquaculture (Lin et al. 2002; Zhu, Li and Tarja 2011; Song, Xue and Chen 2012; Yu et al. 2016) . The metabolism of P has also been shown to be enhanced by the presence of biofilms in freshwater (Li et al. 2010; Sinsabaugh et al. 2010; Zhao et al. 2012) . Artificial substrata have been used in ponds to enhance the formation of biofilms that aid in N and P control (Li Z et al. 2014; Yu et al. 2016) . However, the process of microbial succession in the biofilm after the artificial substratum is established in the pond remains unclear, which restricts optimization of maintenance procedures and improvement of efficiency. Therefore, elucidating the process of microbial succession in biofilms on artificial substratum is essential to characterize the metabolic processes occurring in the biofilm and for utilization of biofilms to maintain the health of aquaculture ponds.
To elucidate the process of microbial succession that occurs in biofilms growing on artificial substrata in ponds, artificial substrata were established in a grass carp (Ctenopharyngodon idellus) and tilapia (Oreochromis mossambicus) polyculture pond, and the microbes in the biofilm were identified using high-throughput sequencing.
MATERIALS AND METHODS

Experimental design
The experiment was performed at the Aquaculture Base of Pearl River Fisheries Research Institute, i.e. Huizhou Zhenhua Fisheries Co., Ltd (23
• 11 N, 114
• 23 E) for a period of 10 weeks from August to October of 2015. The pond contained a polyculture of grass carp and tilapia, with a few silver carp (Hypophthalmichthys molitrix) and bighead (Aristichthys nobilis). The source of the pond water was the Dongjiang River, which is a branch of the Pearl River. The pond has an area of approximately 20 000 m 2 and a water depth of approximately 2.5 m. The culture density was approximately 2.5 kg·m −2 . The fish were fed with commercial feed (approximately 30% crude protein) at 9:00 and 16:00 each day. The fish were given approximately 1.5-2.5% of their own weight in feed each time.
A polypropylene non-woven fabric that does not easily decompose and is environmentally friendly was used for the artificial substratum. Its thickness was 0.2 cm and its mass per area was 240 g·m −2 . The actual surface area of each square meter of artificial substratum was 20 m 2 . Both sides of the substratum were considered when the actual surface area was calculated. The surface shape of the artificial substratum is shown in Fig. 1A and B. Each artificial substratum had a length and width of 5 m × 1 m. The short side was cut into strips 0.05 m × 0.8 m. Approximately 1000 m 2 of artificial substratum was hung down into the pond water column from nylon lines at the water surface. The layout of the artificial substrata is shown in Fig. 1C . The artificial substratum strips were suspended vertically in the pond using 15-m nylon lines. Two aerators and a waterwheel were used to enhance water flow such that suspended matter would flow past the artificial substrata, to enhance adherence of suspended matter (Fig. 1C) . After the second day of the third week, avermectin B1 was added to the pond water at 0.15 mg·m −3 . Avermectin B1
is a chemotherapeutic agent for neutralization of fish parasites and pathogens. No other medication or any fertilizer was added during the culture process.
Determination of water quality parameters
Pond water quality parameters were measured once a week. Water temperature (WT), dissolved oxygen levels (DO), electro-conductivity and pH were measured in the field using a YSI multifunctional water quality analyzer (Pro PLUS 4, Yellow Springs, Greene County, Ohio, OH, USA). Three sampling sites were randomly selected near the artificial substrata, and 500 ml of pond water at each sampling site was collected and stored in sterile sampling bottles. The samples were transported to the laboratory at 4
• C for measurement of other physiochemical indices. NH 4 + -N, NO 2 − -N and NO 3 − -N levels were measured by Nessler reagent-colorimetry, naphthalene ethylenediamine spectrophotometry, and phenol disulfonic acid spectrophotometry, respectively (Laskov et al. 2007; Tu et al. 2010) . Total nitrogen (TN) was measured by alkaline potassium sulfate digestion UV spectrophotometry, and total phosphorus (TP) was measured by ammonium molybdate spectrophotometry (Laskov et al. 2007; Tu et al. 2010) .
Microbial sample collection
Simultaneously with measurement of physiochemical indices, biofilm was collected from the artificial substratum once per week to analyze the microbial structure. Samples from three sampling sites were collected weekly from Weeks 0 to 9. The sampling sites were randomly selected and at each site approximately 50 g (wet weight) of the artificial substratum was cut, then cut into fragments, and placed in 500-ml sterile plastic sampling bottles. In addition, three pond water samples were collected at both the beginning (0 weeks) and end of the experiment (9 weeks). The samples from Week 0 were treated as controls. The artificial substratum and pond water samples were transported to the laboratory at 4
• C. Each artificial substratum or pond water sample was separated into two technical replicates before DNA extraction in the laboratory.
DNA extraction
Each 5-g sample of artificial substratum was weighed and added to 150 ml of sterile water. The mixture was vortexed for 5 min, 8 times. The mixture was centrifuged at 2500 g for 15 min at 4 • C and the suspension was collected for DNA extraction. Each 150-ml pond water sample was filtrated by a GF/C filter with a pore size of 0.22 μm. The filter was cut into fragments and placed in a 50-ml sterile centrifuge tube for DNA extraction. Bacterial DNA was extracted using a kit for extraction of bacterial DNA from water (Omega, Norcross, GA, USA). DNA concentration and purity were evaluated using 1% agarose gels. Based on the concentration, DNA was diluted to 1 ng·μl −1 with sterile water for further amplification.
PCR amplification and high-throughput sequencing
The V4 hypervariable region of the 16S rRNA gene was amplified using the 515F and 806R primers with sample-specific barcodes (Yan et al. 2016) . PCR was performed using 30-μl reaction volumes with 15 μl of Phusion High-Fidelity PCR Master Mix (New England Biolabs, Ipswich, MA, USA), each primer at 0.2 μM, and approximately 10 ng of template DNA. Thermal cycling conditions were as reported in . The PCR products were mixed at equimolar ratios and the mixed PCR products were purified using the GeneJET Gel Extraction Kit (Thermo Scientific, Waltham, MA, USA). Sequencing libraries were constructed using the NEBNext Ultra DNA Library Prep Kit for Illumina (New England Biolabs), according to the manufacturer's recommendations, and index codes were added. Finally, the libraries were sequenced using the Illumina MiSeq platform and 250 bp paired-end reads were generated. The MiSeq sequencing was conducted by the Beijing Novogene Corporation (Beijing, China).
Data analysis
The paired-end reads from the raw DNA fragments were merged using FLASH software. The merged tags were assigned to each sample according to the sample-specific barcodes. Sequence analysis was performed using the UPARSE software package (Edgar 2013) . Sequences with ≥97% similarity were assigned to the same operational taxonomic unit (OTU). Representative sequences for each OTU were selected and the RDP classifier was used to annotate them with appropriate taxonomic information (Wang et al. 2007 ). In-house Perl scripts were used to analyze alpha and beta diversity.
Correspondence analysis (CA), heatmap profiling, nonparametric multivariate analysis of variance (MANOVA, Anderson 2001), and t-tests were conducted using the R software with the vegan package (Dixon 2003) .
RESULTS AND DISCUSSION
Removal of N and P from pond water
During the experiment, the WT, DO, pH and electroconductibility remained roughly stable (Table S1 in (Fig. 2) . Thus, the artificial substratum effectively reduced the concentrations of TN and TP in the pond. Although a previous report showed that use of artificial substratum did not significantly change the concentrations of nitrate nitrogen, total ammonia, or phosphate phosphorous (Azim et al. 2002) , many studies (Arndt et al. 2002; Bender et al. 2004 ) have demonstrated that artificial substrata efficiently remove ammonia from fish pond effluents. Henares et al. (2015) also reported that use of artificial substrata effectively reduced the concentrations of P-orthophosphate in Macrobrachium amazonicum culture ponds. The discrepancies in the results were likely caused by differences in management strategies (Lezama-Cervantes and Paniagua-Michel 2010) or the material of the artificial substrata (Azim et al. 2002; Khatoon et al. 2007) .
Microbial succession of the biofilm on an artificial substratum
A total of 3 732 068 high-quality sequences were obtained from the 72 samples. To eliminate the effect of sequencing depth on subsequent analyses, sequences from each sample were resampled according to the minimum number of sequences in the samples, and 27 163 high-quality sequences were re-sampled from each sample. A total of 10 640 OTUs were detected. A few sequences (1.03-5.55%) could not be classified by phylum, but all other sequences were classified into 65 phyla (3 phyla in the Archaea and 62 phyla in the Bacteria). Proteobacteria, Bacteroidetes, Actinobacteria, Firmicutes and Cyanobacteria were the dominant phyla, concordant with another recent report . The relative abundance of Actinobacteria (t-test, t = 12.38, P = 4.19 × 10 −8 ) was significantly higher in the pond water microbiota than in the biofilm. However, the relative abundances of Proteobacteria (t-test, t = −10.59, P = 4.10 × 10 −12 )
and Bacteroidetes (t-test, t = −5.38, P = 4.53 × 10 −6 ) were significantly higher in the biofilm than in the pond water. Interestingly, although the relative abundance of Cyanobacteria (4.10 ± 3.54%) in pond water microbiota was low, Cyanobacteria showed significantly higher abundance in the biofilm (17.4 ± 10.2%) than in the pond water at the beginning of the experiment (t-test, t = −3.01, P = 0.02; Fig. S1 in the online supplementary material). However, as the biofilm developed, the relative abundance of Cyanobacteria gradually decreased. In addition, the relative abundance of Firmicutes fluctuated markedly during the experiment. At the same sampling date, the relative abundance of the Firmicutes differed markedly between different samples (Fig. S1 in the online supplementary material). To reveal changes in the structure of the microbiota on the artificial substratum, correspondence analysis was conducted using the dominant OTUs. The structure of the pond water microbiota differed significantly from that of the artificial substratum biofilm (MANOVA, F = 29.86, P = 0.005; Fig. 3 ). Previous reports noted that different substrata sustained different microbiota (Mueller, Vincent and Jeffries 2006; Adams et al. 2015) . Therefore, use of different artificial substrata would influence the structure of the microbiota. As the biofilm developed, the microbial structure became stable (Fig. 3) . In addition, at Week 4, the microbial community structure of the biofilm resembled that of the pond water microbiota. These results indicated that avermectin B1 changed the microbial community structure of the biofilm. The relative abundances of OTU 8384, OTU 14, OTU 157, OTU 37, OTU 133, OTU 94 and OTU 72 in the microbiota at Week 4 were lower than before and after the treatment week, while the relative abundances of OTU 13, OTU 18, OTU 48, OTU 33, OTU 16, OTU 1483 and OTU 7785 obviously increased (Table S2 and Fig. S2 in the online supplementary material) . However, the community structure of the biofilm was eventually rebuilt.
The heatmap constructed based on the microbial structure showed that the community structure of the biofilm emerged via a process of microbial succession (Fig. 4) . At the start of the experiment, the microbial structure of the biofilm resembled that of the pond water. The microbes identified in the biofilm samples collected at Weeks 1, 2 and 3 were grouped together in the analysis, indicating that they showed similar community structures. The microbes identified in the biofilm samples collected at Weeks 5-9 also grouped together in the analysis, with some exceptions. The microbes in the Week 4 biofilm samples warrant particular attention. The samples taken after 5 days of the avermectin B1 treatment did not cluster with samples taken in other weeks (MANOVA, F = 25.25, P = 0.005); rather, they were clustered with the biofilm controls and with the pond water microbiota, although they were still significantly different (MANOVA, F = 11.32, P = 0.005). These results showed that addition of avermectin B1 strongly affected the community structure of the biofilm, which was in accordance with previous reports (Zhang et al. 2009 ). However, the community structure of the biofilm had recovered approximately 1 week after avermectin B1 was used.
Compared with the microbiota of the pond water, the following OTUs showed significantly lower abundance in the biofilm: Actinomycetales (OTU 14, OTU 32, OTU 95, OTU 73, OTU 27, OTU 43 and OTU 7), Acidimicrobiales (OTU 44 and OTU 53), Comamonadaceae (OTU 97 and OTU 17), Polynucleobacter (OTU 8384), Pelagibacteraceae (OTU 47), Burkholderiales (OTU 8457), Chitinophagaceae (OTU 83) and MWH-UniP1 Table S2 in the online supplementary material). The relative abundance of each OTU was transformed using the formula log10(relative abundance × 10 000 + 1) to decrease the influence of highly abundant OTUs. Sample names that include 'PW' were collected from the pond water. Sample names that include 'b' were collected from the artificial substratum. The Arabic numerals following the characters in the sample names indicate the sampling week.
(OTU 35; Fig. S2 and Table S2 in the online supplementary material). Most of the microbes that were underrepresented in the biofilm belonged to the Actinomycetales. Actinomycetales contains many bacteria that can produce biologically active compounds as secondary metabolites, including many antibiotics (Rebets et al. 2014) .
The following OTUs were significantly more abundant in the biofilm than the pond water: Comamonadaceae (OTU 175, OTU 232, OTU 55, OTU 12, OTU 82, OTU 10, OTU 1481, OTU 57, OTU 5, OTU 50, OTU 33, OTU 16 and OTU 7785) , Neisseriaceae (OTU 13, OTU 18 and OTU 1483), Betaproteobacteria (OTU 1435 and OTU 9708), Agitococcus lubricus (OTU 28), Vogesella (OTU 6252), Aeromonas caviae (OTU 9) and Chitinophagaceae (OTU 48; Fig. S2 and Table S2 ). Most of the overrepresented OTUs were from the families Comamonadaceae and Neisseriaceae, which contain many denitrifiers and phosphorus-removing bacteria (Khan et al. 2002; Sadaie et al. 2007; Akpor and Muchie 2010; Wakelin et al. 2011; Ge, Batstone and Keller 2015) . For instance, Sadaie et al. (2007) found that reducing the dissolved oxygen concentration to less than 1 mg·L −1 in a conventional wastewater treatment procedure produced a remarkable, gradual change in the major bacterial population from Anaerolinaeceae to the denitrifying bacteria Comamonadaceae. Thomsen et al. (2004) found that Aquaspirillum-related bacteria in the family Neisseriaceae were the most abundant denitrifiers in wastewater treatment plants with nitrogen removal, and were particularly numerous in plants mainly receiving domestic wastewater. Acinetobacter phosphadevorus in the family Neisseriaceae can remove phosphate from waste treatment systems (Ferguson 1976) . Lampropedia in the family Comamonadaceae was also hypothesized to play an important role in phosphate removal, although it was later discovered not to demonstrate the characteristics of polyphosphate-accumulating organisms (Akpor and Muchie 2010) . We confirmed that adding artificial substrata to an aquaculture pond could create a habitat for denitrifiers and phosphorus-removing bacteria, concordant with a previous report (Otoshi et al. 2006) . Encouraging the growth of these bacteria could improve water quality in pond aquaculture.
